Essentially comprised of dead mycobacteria and mineral oil, we asked ourselves what is special about the mycobacterial part of this adjuvant, and could it be recapitulated synthetically? Here, we demonstrate the essentiality of N-glycolylated peptidoglycan plus trehalose dimycolate (both unique in mycobacteria) for the complete adjuvant effect using knockouts and chemical complementation. A combination of synthetic N-glycolyl muramyl dipeptide and minimal trehalose dimycolate motif GlcC14C18 was able to upregulate dendritic cell effectors, plus induce experimental autoimmunity qualitatively similar but quantitatively milder compared to CFA. This research outlines how to substitute CFA with a consistent, molecularly-defined adjuvant which may inform the design of immunotherapeutic agents and vaccines benefitting from cell-mediated immunity. We also anticipate using synthetic microbe-associated molecular patterns (MAMps) to study mycobacterial immunity and immunopathogenesis.
(TDM) alone or synergistically with purified peptidoglycan 17 . TDM is recognized by the host with the C-type lectin Mincle in concert with FcRγ and MCL 18, 19 . TDM has been demonstrated in animal models to alone be sufficient for granuloma formation and immunopathological responses 18, 20 .
Both N-glycolyl MDP and TDM are MAMPs unique to mycobacteria. Their role in mycobacterial immune responses is supported by the literature and their host receptors are well-known. Additionally, N-glycolyl MDP is producible synthetically 7, 21, 22 . Recently a minimal motif of TDM called GlcC14C18 was produced synthetically and shown to retain adjuvancy but with minimal toxicity 23 . As a complex biologic, CFA is subjected to batch inconsistency. We hypothesized that it is possible to create an entirely synthetic CFA using a rational approach to identify essential MAMPs to replace the whole mycobacteria in the adjuvant. In this work, we establish the necessity for N-glycolylation of PGN, NOD2 and Mincle for full CFA adjuvancy. We also demonstrate that the mycobacteria in CFA can be replaced with synthetic N-glycolyl MDP and GlcC14C18 in combination to partially restore the adjuvant effect in both a murine model of antigen-specific T-cell immunity as well as the EAE model of autoimmune ascending paralysis.
Results
N-glycolylation of PGN by mycobacteria is required for complete adjuvancy. Previous work indicated mycobacteria required N-glycolylated PGN to elicit a maximal immune response during live infection 7, 11 . To determine if CMI elicited from dead mycobacteria in the context of Freund's adjuvant similarly required N-glycolylated PGN, we prepared in-house complete Freund's adjuvant with heat-killed M. tuberculosis strain H37Rv, and H37Rv ΔnamH. NamH is the enzyme responsible for N-glycolylation of PGN units as they are being synthesized in the cytoplasm, and the ΔnamH mutant was previously shown to be devoid of N-glycolylation 11 (Fig. 1A) . We next immunized mice against ovalbumin (OVA, an exemplary antigen) with our CFAs or incomplete Freund's adjuvant (IFA, lacks mycobacteria), and examined OVA-specific cytokine production by CD4+ T-cells from the draining lymph nodes seven days post-immunization ( Fig. 1B ; gating in Fig. S1A ). Both mycobacteria and namH were required to generate the highest proportion of OVA-specific IFNγ-producing CD4+ T cells (Fig. 1C ). OVA-specific IL-17A-producing cells required mycobacteria but did not significantly depend on namH (Fig. 1D ). Similar results were seen when examining total number of cytokine-producing CD4+ T cells in the lymph nodes ( Fig. S2A,B) , and a closer analysis of the pooled data showed that namH contributes to about one third of mycobacteria-induced antigen-specific IFN-γ-producing Th cells (Fig. S2C,D) . The individual results of experiments are shown separately in Fig. S2E ; in all four cases we saw the same trends with IFN-γ. These results are consistent with the hypothesized role of mycobacteria being a key ingredient in CFA for eliciting CMI, and that mycobacterial PGN modification by NamH makes a more potent adjuvant.
Host Mincle and Nod2 are necessary for complete mycobacterial adjuvancy, but do not mediate the entire CFA effect. Recognition of mycobacteria during live infection requires the host molecule NOD2 24 . Because we hypothesize mycobacterial PGN plays a role in CFA adjuvancy, specifically the MDP motif where N-glycolylation occurs, we addressed whether the PGN/MDP sensor NOD2 is important for CFA adjuvancy in our OVA model. Nod2+/+ and Nod2−/− mice were immunized against OVA in the context of CFA or IFA of commercial provenance. A greater proportion of OVA-specific IFN-γ-producing CD4+ cells was generated in CFA-immunized mice with Nod2 than without ( Fig. 2A ). An independently produced IFN-γ ELISpot of total lymph node cells supported the same conclusion ( Fig. S3A ), as did another independent experiment using flow cytometry ( Fig. S1C ). In the absence of Nod2, the proportion of OVA-specific IL-17A-producing cells was also impaired in CFA-immunized mice (Figs. 2B and S3C). With IFA as adjuvant, IFN-γ and IL-17A responses were Nod2-independent as expected (Figs. 2A,B and S3A,C). Similar trends were observed with total cell numbers (Figs. S3B,C and S4A,B). Together, these results corroborate the role for NOD2 and accordingly mycobacterial PGN in the ability of CFA to elicit CMI.
The adjuvant effect of mycobacteria declined partially with Nod2 knock-out, but not completely. Therefore, there is clearly other mycobacterial MAMP recognition besides that through NOD2 which is important for the remainder of CFA adjuvancy. Others have indicated that Mincle-mediated recognition of TDM contributes to mycobacterial adjuvancy 17 . We tested the dependence of our OVA-immunization model with Mincle-KO mice 25 . Mincle+/+ and Mincle−/− mice were immunized against OVA in the presence of CFA and IFA. Generation of CFA-elicited OVA-specific IFN-γ-and IL-17A-producing CD4+ T cells was partially dependent on Mincle (Fig. 2C,D) , while IFA-immunized mice showed Mincle-independent responses, as expected ( Fig. 2C,D) . Similar trends were again observed with total cell numbers but did not reach statistical significance (Fig. S4C,D) . Un-pooled data showed the same trends in both experiments performed ( Fig. S3D ). These results implicate Mincle and thus its main mycobacterial ligand, TDM, in CFA adjuvancy.
Both Nod2 and Mincle were required for CFA adjuvancy in our model, but neither were responsible for the entire adjuvant effect. We asked what the sum of the immune responses elicited by these PRRs is -if it appears these PRRs signal synergistically. We generated Mincle-Nod2 double knock-out mice (DKO) and immunized them against OVA with CFA and IFA. The proportion of OVA-specific IFN-γ-and IL-17A-producing CD4+ T cells in CFA-immunized mice declined with DKO relative to WT mice, with no change in IFA-immunized mice ( Fig. 2E,F) . However, the decrease when measuring IFN-γ did not appear obviously larger with DKO than what was observed with single-KO mice. Likewise, the decrease with IL-17A was intermediate, and similar trends were seen with total cell numbers ( Fig. S4E,F) . The residual effect of CFA when both Nod2 and Mincle are disrupted suggests that at least two mycobacterial MAMPs, N-glycolylated PGN as well as TDM, are essential, but insufficient, for the full adjuvant effect.
Synthetic minimal structures of mycobacterial PGN and TDM work synergistically to stimulate dendritic cell effector functions. To explore the effect of Mincle and NOD2 signalling on antigen presenting cells (necessary to generate antigen-specific T-cell immunity), we stimulated bone-marrow derived dendritic cells (BMDCs) from WT, Mincle−/−, Nod2−/− and DKO mice with synthetic versions of the respective PRR ligands. Recently, a rationally determined minimal chemical structure of TDM called GlcC14C18 was shown to retain activity as a Mincle agonist without the 'toxicity' associated with purified TDM 23 . Both synthetic N-glycolyl and N-acetyl MDP are commercially available. To elicit T-cell immunity, we would expect that mycobacterial MAMPs promote antigen presentation, co-stimulation and cytokine production by antigen presenting cells, the classical signals 1, 2 and 3, respectively.
After 24 hours of MAMP stimulation in vitro, we measured the proportion of cells in BMDC culture highly expressing MHC-II ( Fig. 3A,B ). With WT cells, MDPs alone had little effect; GlcC14C18 alone increased the fraction of MHC-II hi cells in WT BMDC cultures ( Fig. 3A ). Combinations of GlcC14C18 with N-glycolyl MDP or N-acetyl MDP produced the largest responses. Knock-out of Mincle greatly reduced the effect of GlcC14C18 in Mincle−/− and DKO BMDCs, and knock-out of Nod2 abrogated the effect of MDPs in Nod2−/− and DKO BMDCs. These results suggest these mycobacterial MAMPs can direct myeloid cells towards MHC-II hi expression as expected for professional antigen presenting cells. Similar results were obtained at 48 hours of stimulation ( Fig. S5A ).
On MHC-II hi cells, we looked at the level of expression of MHC-II, CD40, CD80 and CD86 by median fluorescence intensity (MFI) after 24 hours of stimulation in vitro ( Fig. S5F -I). With WT cells and for all markers examined, MDPs alone were unable to substantially enhance expression over the control (Fig. 3C -F). GlcC1418 alone increased marker expression, but GlcC14C18 together with N-glycolyl MDP synergistically produced the greatest responses. N-acetyl MDP was generally less efficacious than N-glycolyl MDP. Knockouts behaved as expected: cells without Mincle responded poorly to GlcC14C18; cells without Nod2 failed to respond to MDPs ( Fig. 3C-F ). In addition to 24-hour stimulation, cells were also collected after 48 hours of stimulation, yielding similar results ( Fig. S5B -I).
BMDCs from WT mice produced TNF in a dose-dependent manner in response to GlcC14C18, but not to MDPs alone (Fig. 3G ). When combined with limiting or saturating doses of GlcC14C18, N-glycolyl MDP synergistically elevated TNF production in a dose-dependent manner. N-acetyl MDP only significantly elevated TNF production at higher doses of GlcC14C18 plus MDP and worked less efficaciously than N-glycolyl MDP. In the absence of functional Mincle, BMDCs did not respond to GlcC14C18 as expected. Mincle−/− BMDCs stimulated with GlcC14C18 and MDPs behaved like BMDCs exposed to MDP alone (little to no detectable TNF production). Nod2−/− BMDCs responded to GlcC14C18 but not to MDPs as expected. DKO BMDCs did not respond www.nature.com/scientificreports www.nature.com/scientificreports/ to either synthetic MAMP as expected. Overall, GlcC14C18 and N-glycolyl MDP combined, through Mincle and Nod2 respectively, are sufficient to upregulate BMDC antigen presentation, co-stimulation and cytokine production.
Synthetic mycobacterial NOD2 and Mincle ligands can complement IFA to increase antigen-specific T-cell responses. As NOD2 and Mincle ligands worked synergistically in BMDCs in
vitro to elicit effector functions in these antigen presenting cells, we hypothesized that IFA can be complemented with NOD2 and/or Mincle ligands to recapitulate at least a portion of the adjuvant effect of whole mycobacteria. Using minimal synthetic MAMPs for PGN (i.e. N-glycolyl MDP) and TDM (i.e. GlcC14C18), we complemented IFA to test if CMI could be achieved with a completely synthetic adjuvant containing these essential mycobacterial MAMPs. First, using 10 µg GlcC14C18 per mouse with varying doses of N-glycolyl MDP, we observed a dose dependent increase in the proportion and numbers of OVA-specific cytokine-producing CD4+ cells which was significantly greater than IFA alone at the highest dose ( Fig. 4A ). Notably, previous attempts complementing IFA with only N-glycolyl MDP did not induce significant numbers of IFN-γ producing cells ( Fig. S6A,B ).
Next, using 30 µg of N-glycolyl MDP per mouse and varying the dose of GlcC14C18, we similarly observed a dose dependent increase in the immune response; however this response did not surpass more than half of the level elicited with CFA by IFN-γ and IL-17A ( Fig. 4B ). An IFN-γ ELISpot performed in parallel provided www.nature.com/scientificreports www.nature.com/scientificreports/ a similar conclusion ( Fig. S6C,D) . Together, these results show that mycobacterial adjuvancy in the context of CFA can be partially phenocopied synthetically with two mycobacterial MAMPs: namely N-glycolyl MDP and GlcC14C18.
Synthetic mycobacterial MAMPs increase DC numbers and effectors in lymph nodes. GlcC14C18
and N-glycolyl MDP together were sufficient to elicit antigen-specific T-cell responses. We next looked to see if this MAMP combination was associated with augmentation of DC effector functions in vivo as we had seen in vitro with BMDCs. Gating for DC subsets as well as other leukocytes in the lymph nodes is depicted in Fig. S1B (guided by 26 ). We looked in the lymph nodes at 4-and 7-days post-immunization. Both CD11b+ and CD11b− conventional DC (cDC) numbers were increased in the presence of IFA + 10 μg GlcC14C18 + 30 μg N-glycolyl MDP compared to IFA alone within 7 days, to levels similar to CFA (Fig. 5A,B ). Trends suggest that early accumulation of cDCs could be driven by MDP alone, but GlcC14C18 together with N-glycolyl MDP were required to sustain numbers to day 7.
By MFI, expression levels of MHC-I and -II on both CD11b+ and CD11b-cDCs were not largely altered by MDP nor GlcC14C18 (Fig. 5A,B ). On CD11b+ cDCs, CD40 expression was elevated the highest and significantly with IFA + GlcC14C18 MDP at both 4 and 7 days. CD80 and CD86 expression were also highest with IFA + GlcC14C18 MDP, with statistical significance at day 4 but not day 7 when expression was possibly waning. On CD11b-cDCs, CD80 and CD86 expression behaved similarly to that on CD11b+ cDCs. CD40 expression of CD11b-cDCs was not statistically significantly greater with IFA + GlcC14C18 MDP compared to IFA alone at both timepoints. Notably, IFA + GlcC14C18 MDP produced equal or greater costimulatory molecule expression compared to CFA in all cases.
In addition to increased numbers of cDCs in the lymph nodes of mice immunized with GlcC14C18 + N-glycolyl MDP, we observed that other leukocytes were substantially elevated in numbers after immunization with this adjuvant (Fig. S7A-F) . B cells, CD4+ and CD8+ T cells, plasmacytoid DCs, monocytes and PMNs were all increased by 7 days post-immunization relative to IFA, to levels similar to or greater than CFA. By day 7, while MDP alone was insufficient to elevate cell numbers over the IFA background, MDP in combination with GlcC14C18 enhanced numbers beyond the levels attained with GlcC14C18 alone. This provides evidence for synergy between these MAMPs in vivo.
Synthetic mycobacterial MAMPs can induce EAE similar to CFA. One of the common uses of
CFA is in animal models of autoantigen-specific autoimmunity. To determine if our synthetic formulation can phenocopy the effect of whole mycobacteria to produce a more complex biological outcome such as autoimmunity (and thereby provide a further measure of the 'completeness' of the synthetic formula), we tested IFA + GlcC14C18 + N-glycolyl MDP against CFA in ability to induce relapsing-remitting EAE (RR-EAE). Briefly, mice were randomly immunized against myelin oligodendrocyte glycoprotein (MOG) synthetic peptide with CFA or IFA + 10 μg GlcC14C18 + 30 μg N-glycolyl MDP, and onset of RR-EAE was determined by clinically scoring ascending paralysis daily in a blinded manner (Fig. 6A ). Both CFA and IFA + GlcC14C18 + MDP produced RR-EAE that was indistinguishable except quantitatively: over the course of the experiment, the average EAE score was lower with the synthetic adjuvant compared to the CFA control ( Fig. 6B) , with a cumulative score suggesting about half the disease burden (58% of CFA cumulative score) ( Fig. 6C) . Expectedly, lower EAE scores also corresponded with less weight-loss ( Fig. S8A ). Of note, there were mice in the synthetic adjuvant group that reached the same scores as in the CFA group, but fewer (Fig. S8B) . Therefore, GlcC14C18 and N-glycolyl MDP were sufficient to recapitulate the adjuvant effect of the whole mycobacterial cell in EAE, albeit quantitatively less at the tested doses of MAMPs. Additionally, we had attempted RR-EAE with IFA + TDM + MDP previously, www.nature.com/scientificreports www.nature.com/scientificreports/ which produced a far less compelling phenocopy of CFA ( Fig. S8D-G) . The IFA + GlcC14C18 + N-glycolyl MDP adjuvant has the advantage of being completely synthetic and more efficacious than the TDM-containing adjuvant.
To verify if there were overt qualitative histopathological differences in EAE between CFA and the synthetic adjuvant, we examined spinal cords from three mice from each adjuvant group, having EAE scores 2, 3 and 3.5 at harvest (disease profile of these mice in Fig. S8C ). Both cellular infiltrates and demyelination of the white matter looked equivalent between adjuvants upon visual inspection (Fig. 7A ). Mice with different EAE scores had correspondingly different areas of diseased tissue of the spinal cord (Fig. 7B ), but in comparing adjuvants there was no detectable difference in the area of diseased spinal cord tissue (with statistical power to detect as low as +/− 15% CFA levels) (Fig. 7C) . The main determining variable was EAE score, not adjuvant. Overall, we observed qualitatively similar autoimmune pathology using IFA + GlcC14C18 + N-glycolyl MDP compared to the gold standard CFA. 
Discussion
The ability of an adjuvant to elicit CMI can depend on ligand-receptor interactions, specifically MAMP-PRR interactions. It is well appreciated since the hypothesis of Charles Janeway Jr. that the host's decision to mount an adaptive immune response requires genetically inborn sensors to detect the presence of microbial products, or microbes by association, and that this is the foundation of classical adjuvants including CFA 27 . These interactions can be thought of as an "arms race" between host and microbe, originating through antagonistic evolution in the case of immune evasion 28 . Additionally, we can imagine the case where a microbe might evolve to increase a specific PRR interaction that favours a specific active immunological environment necessary for its lifecycle. When mycobacteria interact with their host, either in the form of M. tuberculosis infection, BCG vaccination or immunization using CFA, CMI normally occurs. The immune response to mycobacteria has been attributed to its unique cell wall, especially the MDP motif of PGN 6, 7, 11, 24 and TDM 17, 19 . We have shown in the context of both CFA-induced immunization and autoimmunity with wholly synthetic N-glycolyl MDP and TDM (GlcC14C18) that these MAMP-PRR pathways together contribute partially but significantly to the mycobacterial adjuvant effect.
There are other mycobacterial MAMPs previously identified (and likely more yet unidentified), plus a greater number of PRRs linked to these microbial products. However, most are not yet producible synthetically. Purified mannose-capped lipoarabinomannan (ManLAM) was recently shown to elicit EAE in mice, dependent on the host C-type lectin Dectin-2 (Clec4n), at a dose of 500 µg per animal 29 . Of note, we were not yet able to produce synthetic mimics of ManLAM that induce Dectin-2 signaling 30 . Similarly, purified TDM has been used to elicit EAE at 500 µg per mouse, mostly dependent on MCL (Clec4d) and partially on Mincle (Clec4e) 19 . These findings support a role for mycobacterial MAMPs driving the CFA effect, but require purification of biologically-sourced MAMPs in high doses. When in combination, our synthetically pure MAMPs have shown clear activity in vivo beginning at 1-10 µg. Of note, with CFA we inject 50 µg of mycobacterial mass into mice.
TLR-2 has been documented to interact with multiple mycobacterial lipids 31 . The literature is inconsistent on whether or not TLR-2 promotes CFA-induced EAE [32] [33] [34] [35] . Mycobacterial DNA was recently shown to signal through the cGAS/STING pathway after phagosomal disruption via ESX-1 36, 37 . In the context of Freund's adjuvant, it is not clear if heat-killed mycobacteria could have cytosolic access to activate cGAS/STING. The IFA fraction perhaps could deliver MAMPs across membranes. TLR-9 also senses DNA, and appears to play a role during M. tuberculosis infection in mice 38 , and in humans 39 . TLR-9 was also shown to be necessary for full induction of EAE 32, 34 . Although DNA is not unique to mycobacteria like TDM and N-glycolylated PGN, synthetic DNA is available and pursuing the role of DNA in mycobacterial adjuvancy interests us, perhaps as a third synthetic MAMP to work with MDP and GlcC14C18.
Mycobacteria are not completely unique in possessing MAMPs that elicit CMI. As an example, the tuberculosis vaccine candidate M72/AS01E utilizes monophosphoryl lipid A (MPLA), a TLR-4 agonist based on lipopolysaccharide (LPS), to elicit CMI. LPS is made in Gram-negative bacteria, not mycobacteria. We concede that many microbes likely contain MAMPs able to elicit CMI; here we have concerned ourselves primarily with the history of mycobacterial adjuvancy, CMI and Jules Freund. It is conceivable that a combination of MAMPs from different bacteria could elicit 'unnatural' immunity that may be beneficial to control certain infectious agents that otherwise evade natural immune responses.
We were able to show that N-glycolylation of M. tuberculosis PGN altered the adjuvancy of the mycobacterial cell in the context of CFA. This is consistent with our previous work on the increased potency of mycobacterial PGN in other contexts 7, 11 . Interestingly, the benefit of N-glycolylation of PGN seemed primarily skewed toward IFN-γ production rather than IL-17A, while Nod2-KO showed a greater effect with IL-17A. This may indicate that mycobacteria retain N-glycolylation of PGN specifically to shift immune responses in a Th1 bias and should be further investigated during live infection. Nod2 was necessary for full CFA adjuvancy by measures of IFN-γ and IL-17A, supporting the role for mycobacterial PGN. We were somewhat surprised that MDP emulsified by itself with IFA and antigen was insufficient to recapitulate the adjuvant effect of CFA. In a 1975 paper, N-acetyl MDP appeared sufficient in a guinea pig model to elicit DTH using OVA as antigen 6 . In 2009 using a very similar model to our current work, N-glycolyl MDP alone was sufficient to increase ELISpot IFN-γ to near CFA levels, while N-acetyl MDP failed 7 . One explanation is the possibility of contaminating MAMPs in certain preparations of OVA. OVA is known to often come with a dose of endotoxin which affects the immunological outcome of experiments 40 . In the current investigations we have used endotoxin-free/ultra-pure OVA. Much literature of in vitro experiments shows MDP requires another MAMP to produce measurable outputs like cytokine 7,41-43 , although in few cases MDP was shown to elicit cellular responses by itself 41, 42 . Responses measured from MDP alone may be unrepresentative of a cell's maximum capacity.
Other groups have supported a role for TDM in mycobacterial adjuvancy 17, 19 . TDM together with purified PGN was shown to synergistically promote IL-17 production from OVA-specific (OT-II) CD4+ T cells adoptively transferred into congenic mice 17 . This and other work directed us to test Mincle-dependence of CFA and MDP synergy with the minimal TDM motif GlcC14C18. Mincle−/− mice allowed us to infer that CFA adjuvancy required TDM for maximal induction of IFN-γ-and IL-17A-producing Th cells. TDM is thought to be the main Mincle ligand in mycobacteria; however, there are other ligands. Purified from H37Rv, trehalose-6,6'-monomycolate, glucose monomycolate, diacyl-trehalose and triacyl-trehalose were shown to stimulate mouse and human Mincle (plus glycerol monomycolate stimulates human Mincle only) 23 . It is possible that the phenotype of reduced immunity was because the sensing of these other MAMPs was decreased. Nevertheless, Mincle signalling was essential for full CFA adjuvancy.
Interestingly, simultaneous knock-out of both Mincle and Nod2 resulted in incomplete abrogation of CFA adjuvancy. DKO mice more closely resembled single-KO from separate experiments, compared to controls, than IFA. This indicates two things: (1) that much of the adjuvancy of mycobacteria is not mediated through Mincle and NOD2, and therefore other mycobacterial MAMPs like those mentioned above may play a similarly important role as PGN and TDM; (2) that Mincle and NOD2 signalling might work synergistically, where in the absence of Mincle, NOD2 sensing of PGN is blunted as we have seen clearly in vitro with GlcC14C18 and N-glycolyl MDP, and therefore DKO resembles single knock-out of either receptor.
We demonstrated that GlcC14C18 plus N-glycolyl MDP synergistically were sufficient to promote dendritic cell effector functions in vitro. The GlcC14C18 plus N-glycolyl MDP adjuvant was also the most efficacious adjuvant to drive costimulatory molecule upregulation on cDCs in vivo, more than either MAMP alone. While either of these MAMPs by themselves failed to come close to the whole mycobacteria of CFA in our OVA model of CMI, together we showed they could produce about half the Th cell IFN-γ/IL-17A response and EAE disease burden as CFA. Resultingly, we are interested in further understanding the implications for MAMP signalling (which MAMPs synergize together; what redundancy exists; do different combinations alter the Th type of CMI?). As the DKO data suggest, other mycobacterial MAMPs may be necessary to fully recapitulate the adjuvant effect of whole mycobacteria. An optimal dose of the two MAMPs may not have been reached, although additional dosing experiments (not shown) failed to find a clearly superior formulation than those presented here.
We chose to proceed primarily with the 10 µg GlcC14C18 + 30 µg N-glycolyl MDP doses because these quantities were sufficient for some biological activity on their own and/or in combination (Fig. 4A,B, S6D and not shown). Detailed subset data also showed other biological synergy at the 10 µg/30 µg dose (Fig. S7) . Mycobacteria are an estimated 30% PGN by mass, of which the muramyl dipeptide motif comprises about half, or 15% total mycobacterial mass 44 . Therefore, when injecting 50 ug of mycobacteria as CFA, we inject about 8 µg of MDP. The 10 µg/30 µg dose did not quantitatively phenocopy the level of CMI from CFA in the OVA model, but we did not want to achieve this by using grossly unrepresentative quantities of MAMPs. Considering the DKO data showing Mincle and Nod2 stimulation do not drive all of the CFA effect, we proceeded with tempered expectations for EAE. Nonetheless, we have demonstrated that synthetic TDM and N-glycolyl MDP signalling, unique to mycobacteria, enhance the adjuvancy of CFA. This partly corroborates the natural history of CFA in why it is a uniquely potent adjuvant. Remaining MAMPs, not necessarily unique to mycobacteria, might fill the difference.
With the wholly synthetic formulation of GlcC14C18 N-glycolyl MDP, we were able to induce RR-EAE in mice that was qualitatively indistinguishable from that induced with CFA, but milder overall (lower EAE scores on average). We selected spinal cords from mice having matched EAE scores between CFA and synthetic adjuvant groups; however, extrapolating the histopathological data to all the mice in our experiment, we would expect that the synthetic adjuvant produced less pathology in the spinal cord on average since EAE scores were lower on average. The EAE result correlated with the incomplete complementation in the OVA model. EAE that failed with TDM plus MDP earlier was also less potent in the OVA model than the synthetic formulation (not shown), further indicating correlation between these readouts. CFA often needs to be 'titrated' to account for batch-dependent efficacy in our experience (not shown), and CFA with higher concentrations of mycobacteria (i.e. 4 mg/ml) is also used when a more severe, chronic progressive EAE is necessary for studies 45 . These facts point to dosing as a means of controlling the degree of EAE, which may work with the synthetic adjuvant. Other experimental uses of CFA include the collagen-induced arthritis (CIA) model and for producing specific antibodies. CIA takes longer and has a greater role for humoral immunity than EAE which is T-cell driven, (our interest was in CMI for this study) 46 . Wherever mycobacterial adjuvancy is useful, we suspect a synthetic adjuvant could be beneficial. Indeed, intravesical injection of BCG is used to treat bladder cancer (i.e. BCG can provide MAMP-driven protection, not simply antigen-specific protection). Furthermore, BCG administration to millions of babies each year can protect not just against childhood tuberculosis, but non-specifically against other diseases 47 .
Our work demonstrates that mycobacterial NOD2 and Mincle ligands contribute to the adjuvant effect of the mycobacterial cell, and that a necessarily combinatorial formulation of synthetic MAMPs, N-glycolyl MDP and GlcC14C18 can partly recapitulate the adjuvant effect of whole mycobacteria to induce T-cell immunity and EAE. In addition to demonstrating the first entirely synthetic multi-MAMP mycobacterial adjuvant, we have outlined an approach to investigate the contribution of other MAMPs to adjuvant design. Moreover, the synthetic approach may be useful to probe mycobacterial immunity and immunopathogenesis.
Methods
Mice. C57BL/6J ('wild-type') as well as Nod2−/− mice were obtained from Jackson laboratories and were bred or used immediately for experiments. Mincle−/− mice breeders were provided courtesy of the laboratory of Christine Wells 25 . Mice were genotyped to confirm absence of the Dock2 mutation recently reported in Nod2−/− mice 48 . We crossed Nod2−/− and Mincle−/− mice to obtain double knock-out mice. All experiments used mice from 6 to 20 weeks of age. All protocols involving mice followed the guidelines of the Canadian Council on Animal Care (CCAC) and were approved by the ethics committees of the RI-MUHC.
Preparation of adjuvants and ovalbumin immunization.
Complete and incomplete Freund's adjuvant were purchased from Sigma or InvivoGen. In some cases, IFA was made by the experimenter from purified mineral oil and mannide monooleate (Sigma). Adjuvants were prepared on the day of immunization by emulsifying CFA (1 mg/ml M. tuberculosis) or IFA with a PBS solution containing 1 mg/ml ovalbumin (Endofit brand, InvivoGen) in a 1:1 ratio. Emulsification was accomplished using all-plastic syringes and repeated passage through an 18-G blunt-end needle. Where IFA was complemented with mycobacterial components: MDP (InvivoGen) was diluted in the PBS fraction of the adjuvant before emulsification; TDM (Sigma) or GlcC14C18 23 were dissolved in the IFA fraction before emulsification as described previously 17 ; heat-killed mycobacteria in saline were diluted in PBS and added to the PBS fraction of the adjuvant before emulsification for mice to receive an equivalent of 10 8 CFU. To make heat-killed mycobacteria, cultures were grown to equivalent 600-nm absorbance at mid-log phase, were pelleted and washed three times with saline, then heat-killed at 100 °C for 30 minutes and frozen at −80 °C until use. Mice were injected subcutaneously with 100 μl adjuvant-antigen emulsions in the were gently crushed over 70-μm cell strainers to release the cells therein. Cell concentrations were determined by counting with a haemocytometer or with a BD Accuri C6 flow cytometer. Lymph node cells (LNCs) were washed in culture medium, counted and cultured in 100 μl RPMI + 10% FBS (R10) at 250,000 or 500,000 cells per well in IFNγ ELISpot plates (R&D Systems) with or without 100 μg OVA for ~40 hours at 37 °C 5% CO 2 before developing the ELISpot plates. For flow cytometry analysis of OVA-specific cytokine production, washed LNCs were cultured at 6 million cells per ml in 200 μl R10 with or without 200 μg OVA for ~40 hours at 37 °C 5% CO 2 , Brefeldin A (GolgiPlug, BD) was added for an additional 5 hours, and then cells were stained and fixed (BD fixation/permeabilization solution) for flow cytometry on ice. Intracellular staining was performed on the same or the next day using BD Perm/Wash buffer. See Table S1 for antibody probes used. For flow cytometry of leukocyte subsets, 3 million LNCs were taken immediately after harvest for extracellular staining and fixing. See Table S2 for antibody probes used. A BD LSRFortessa X-20 was used for cellular phenotyping.
Bone marrow-derived dendritic cells (BMDCs).
Bone marrow was extracted from mice by flushing femora and tibiae with PBS+ 2% BSA+ 2% glucose using a 25-G syringe. Red blood cells were lysed and remaining bone marrow cells were filtered through a 70 µm cell strainer. Cells were cultured at 500,000 cells/ml R10 with 20 ng/ml murine rGM-CSF (PeproTech); cells were fed on day 3 with R10 + rGM-CSF, and on day 6 with R10 alone. On day 7, loosely adherent cells were harvested by gentle pipetting and used in assays. These cells were ~60% CD11c+ MHC-II+ as we obtain routinely. To assess cytokine production, 100,000 BMDCs were transferred per well to 96-well plates precoated with GlcC14C18 (by dissolving in isopropanol and drying) and containing MDP in a final volume of 200 µl. BMDCs were incubated with stimulants for 6 hours at 37 °C, 5% CO 2 before supernatant was removed and stored at −80 °C for later ELISA analysis (mouse TNF ELISA from ThermoScientific). To asses surface marker expression, 300,000 BMDCs were transferred per FACS tube precoated with 50 ng GlcC14C18 (by dissolving in isopropanol and drying) and containing 100 ng/ml MDP in a final volume of 200 µl. BMDCs were incubated with stimulants for 24 or 48 hours at 37 °C, 5% CO 2 before staining and fixing for flow cytometry analysis. See Table S3 for antibodies used in flow cytometry.
Relapsing-remitting experimental autoimmune encephalomyelitis (RR-EAE)
. Adjuvants were prepared similarly as above, but with myelin oligodendrocyte glycoprotein (MOG) used as antigen. Briefly, PBS solution containing 1 mg/ml MOG +/− 600 μg/ml N-glycolyl MDP was emulsified with CFA (1 mg/ml M. tuberculosis) / IFA plus 200 μg/ml GlcC14C18 (or 20 μg/ml TDM) by back-and-forth extrusion through an 18 G two-way needle with two all-plastic syringes. [8] [9] [10] [11] [12] week old female C57BL/6 mice (Charles River) were induced for RR-EAE by a standard protocol: briefly, on day 0, pertussis toxin (PT) (200 ng) was administered i.v. in the tail vein, and mice were immunized with 50 μg MOG by bilateral s.c. injection in the back towards the tail with 100 μl total of an emulsification of CFA or IFA plus mycobacterial MAMPs (adjuvant group was randomized within and across cages). On day 2, mice received a second equivalent dose of PT i.v.. After about one week, EAE was scored blinded (i.e. the scorer did not know the adjuvant received by the mouse) every day according to these cumulative criteria: 0, no paralysis (normal); 0.5, partial tail weakness observed as <50% of tail dragging when mouse walks; 1, tail paralysis observed as >50% of tail dragging as mouse walks; 2, slow righting reflex (delay <5 seconds) when mouse is flipped; 3, very slow or absent righting reflex (>5 seconds) or inability to bear weight with back legs observed as dragging hindquarters when walking; 3.5, partial paralysis of one or both hind limbs; 4, complete paralysis of one or both hindlimbs; 4.5, complete paralysis of one or both hind limbs plus trunk weakness; 5, weakness or paralysis of forelimbs; 6, found dead. Mice were weighed every other day during scoring. Mice reaching a score of 5 were euthanized within 24 hours. Blinding was accomplished by having one person inject the mice and another person score/weigh the mice, unaware of experimental group.
Histopathology. At the end of EAE scoring, the experiment was un-blinded and three mice from each group with matching scores were selected. These six mice were anesthetized with peritoneal ketamine injection, were perfused with PBS and formalin, and then spinal cords were extracted, equilibrated in sucrose and then frozen in OTC compound (VWR). Frozen tissue was sectioned 14-nm thick onto slides and then stained (Nissl or Luxol fast blue). Sections of good quality (20 per mouse, 5 cervical, 5 upper thoracic, 5 lower thoracic and 5 lumbar) were randomly selected and photographed with a Nikon Eclipse NI microscope. Randomized (blinded) Nissl stain photographs were used to quantify the area of disease in the spinal cord by subtracting the total 2D area of each tissue section with the area without cellular infiltration in white matter (thus, the difference of areas is the area with cellular infiltration). This was divided by the total area to determine the fraction or percent of diseased area.
Software, data analysis and statistics. Flow cytometry data was acquired using FACSDiva software (BD). FCS files were analyzed using FlowJo V10 (BD). Digital microscopy images were analyzed with ImageJ (NIH). Graphs were generated and routine statistical testing was accomplished with GraphPad Prism 8.1.1 (GraphPad Software Inc.; https://www.graphpad.com/). Assessment for normal data, then parametric or non-parametric analyses were applied, as indicated. Sample-size and power calculations were performed manually using Microsoft Excel. Manuscript figures were assembled with Microsoft PowerPoint.
